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Abstract
A multiwavelength fiber ring laser comprising of a Lyot filter and hybrid gain medium is presented. A wavelength channel spacing of
100 GHz is achieved by appropriate tuning of the Lyot filter length. Four wavelength channels are simultaneously mode-locked at
10 GHz using an electroabsorption modulator. We highlight how the intra-cavity modulator can affect the stability of the mode-locked
laser spectrum when used in conjunction with a Lyot filter. We show that, due its reduced polarization sensitivity, an electroabsorption
modulator significantly improves the stability of the mode-locked laser spectrum when compared to using a Mach–Zehnder modulator.
 2008 Elsevier B.V. All rights reserved.
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E1. Introduction
Erbium-doped fiber amplifier (EDFA) based multiwave-
length fiber ring lasers (MWFRL) have attracted signifi-
cant research interest due to their potential applications
in wavelength division multiplexed (WDM) transmission
systems, optical gas sensing and optical instrumentation
[1]. When mode-locked they also provide the means to
increase the transmission capacity of optical fiber by pro-
viding a pulse source that can be exploited by optical time
division multiplexing (OTDM) techniques.
A Mach–Zehnder modulator (MZM) is typically
employed to mode-lock the cavity of a MWFRL [1,2].
An advantage of this technique is that the pulse streams
generated by the laser are synchronized. However a LiN-
bO3 based MZM is inherently polarization sensitive due
to the significant birefringence associated with the sub-53
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does not suffer from such polarization sensitivity and is
an attractive alternative to using a MZM to mode-lock a
MWFRL cavity. An EAM has previously been used to
modulate several wavelength channels simultaneously
[3,4]. However a significant drawback with these schemes
is that each wavelength channel is generated by an individ-
ual CW laser source. A more cost effective solution has
been proposed, however the mode-locked optical spectrum
reported was significantly non-uniform [5].
In this work we present a MWFRL using a hybrid gain
medium consisting of an EDFA and a semiconductor opti-
cal amplifier (SOA). The latter has been exploited either to
surpass the cavity loss in mode-locked fiber ring laser
sources, in which it may be combined with an EAM [6],
or as both gain and optically controlled mode-locking ele-
ment [7] allowing to achieve multiwavelength operation [8].
In the proposed technique, however, it is its inhomoge-
neous gain medium that serves to suppress the homoge-
neous line broadening of the EDFA allowing for the
generation of numerous closely spaced wavelength chan-n. (2008), doi:10.1016/j.optcom.2008.03.014
T57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
2 C. O’Riordan et al. / Optics Communications xxx (2008) xxx–xxx
OPTICS 13133 No. of Pages 4, Model 5+
26 March 2008 Disk Used
ARTICLE IN PRESSR
R
E
C
nels [9]. This is a far more practical solution than cooling
the EDFA in liquid nitrogen as proposed in [1]. Further-
more, due to the fast gain saturation profile of the SOA,
the supermode noise that is produced when the laser is har-
monically mode-locked is reduced [10,11]. A Lyot filter is
used to force multiwavelength operation of the laser [12].
By appropriately selecting the length of polarizing main-
taining fiber (PMF) used in the Lyot filter a wavelength
channel spacing of 100 GHz is achieved. There is no strict
limit on the length of PMF that can be used in the Lyot fil-
ter. However one should carefully consider the length of
PMF used so that the filter provides an appropriate chan-
nel bandwidth for the mode-locking frequency of interest
and also that the filer provides the desired ITU channel
separation. The laser is actively mode-locked at 10 GHz
using an EAM. To the best of our knowledge using an
EAM in this configuration has not been previously
reported. We characterize the performance of the MWFRL
in terms of the number of wavelength channels generated
and also in terms of the stability of the mode-locked laser
spectrum. Subsequently we replace the EAM with a
MZM and discuss the role the LiNbO3 substrate plays in
the creation of a parasitic Lyot filter response from the
MZM which we show leads to instability in the MWFRL
spectrum.
2. Experimental setup
The MWFRL is shown in Fig. 1. The laser cavity is con-
structed from standard single-mode fiber (SMF). The
length of the cavity is approximately 55 m. The SOA
(Inphenix IPSAD1501) is a commercially available fiber-
pigtailed device that has a typical small signal gain of
20 dB, a saturation output power of 10 dBm, and a typical
polarization dependent gain of 0.5 dB. The polarization
controller (PC) before the SOA controls the lasing polari-
zation and influences the central lasing wavelength. When
many wavelengths enter the SOA simultaneously a sub-
stantial number of carriers are consumed and this leads
to competition between the wavelengths for gain. A 5 nmU
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Fig. 1. Schematic of the MWFRL. PC: polarization controller; POL:
polarizer; PMF: polarization maintaining fiber; HWP: half wave plate;
QWP: quarter wave plate.
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optical filter is used to limit the number of wavelengths cir-
culating in the laser cavity thereby reducing the gain com-
petition between the various wavelengths entering the
SOA. This serves to maximize the number of wavelengths
experiencing sufficient gain to overcome the cavity losses
and sustain mode-locked operation. A wavelength channel
spacing of 100 GHz (0.8 nm at 1550 nm) is obtained by
placing 8 m of PMF between two polarizers whose axes
are aligned 45 with respect to the polarization axes of
the PMF. A wavelength channel spacing as low as
37.5 GHz is also possible as indicated by our previous work
[13]. In this case 25 m of PMF was used in the Lyot filter.
Quarter and half wave plates (QWP,HWP) are inserted
directly before the first polarizer to ensure favorable align-
ment of the laser light SOP through the Lyot filter. Isola-
tors are utilized to ensure unidirectional operation of the
laser. The EAM (CIP 40G-PS-EAM-1550) is a commer-
cially available fiber-pigtailed InP modulator that operates
over the entire C-band with a bandwidth of 40 GHz. As the
maximum rated optical input power to the EAM is 10 dBm
an attenuator is placed directly before the EAM to control
the input power to the device. A 3 dB coupler is used to tap
off a portion of the laser output for characterization using
an optical spectrum analyzer and digital communications
analyzer.
3. Results and discussion
The laser is actively mode-locked by driving the EAM
with a 2.2 Vpeak-to-peak sinusoid at a frequency of
9.728419 GHz which corresponds to the 3088th harmonic
of the laser cavity fundamental frequency. A reverse bias
of 1.2 V is applied to the EAM. The attenuator was
adjusted to allow approximately 1 dBm of optical power
into the EAM. The SOA is biased well above transparency
(264 mA) to maximize the number of lasing channels and
also to improve the supermode noise suppression [13,14].
The insertion loss of the EAM when biased at 1.2 V is
10 dB at 1550 nm. The EDFA accounts for this insertion
loss as it provides a small signal gain of 30 dB with a satu-
ration output power of 10 dBm. The PC, QWP and HWP
and the modulating frequency are adjusted until the optical
spectrum is optimized for a maximum number of lasing
channels.
The optical spectrum of the mode-locked MWFRL is
shown in Fig. 2. Simultaneous modulation of four wave-
length channels is achieved. Note the presence of the spec-
tral modes at the mode-locking frequency on each
wavelength. The wavelength channel spacing is 100 GHz
and the 3 dB bandwidth of each individual channel is
approximately 0.45 nm. This value is similar to the 3 dB
bandwidth of each passband in the Lyot filter response.
The composite mode-locked pulse train observed on the
digital communications analyzer is shown in Fig. 3. The
pulses are assumed to have a Gaussian profile with a mea-
sured pulse width of approximately 15 ps. In order to verify
the existence of pulses at each individual wavelength, then. (2008), doi:10.1016/j.optcom.2008.03.014
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Fig. 2. Optical spectrum of the EAM based MWFRL.
Fig. 3. Composite harmonically mode-locked pulse train of the EAM
based MWFRL. Time base is 20 ps/div.
C. O’Riordan et al. / Optics Communications xxx (2008) xxx–xxx 3
OPTICS 13133 No. of Pages 4, Model 5+
26 March 2008 Disk Used
ARTICLE IN PRESSR
R
E
C
MWFRL spectrum is filtered using a tunable bandpass fil-
ter. Fig. 4 shows the pulses at two of the mode-locked
wavelength channels. As expected the pulses are synchro-
nous with the composite pulse train with a similar pulse
width of 15 ps. The time-bandwidth product of the com-
posite pulse train is 0.84 and this is consistent with the
value obtained for the pulses at each filtered wavelength.
The time-bandwidth product value suggests that the pulses
are chirped.U
N
C
O
Fig. 4. Filtered pulse trains of the (a) rightmost wavelength channel and (b) i
base is 20 ps/div.
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To determine if it is advantageous to use an EAM rather
than an MZM to mode-lock the MWFRL, we replace the
EAM and attenuator with a polarization controller fol-
lowed by a MZM. The MZM based MWFRL is actively
mode-locked by driving the MZM with a 3.99 Vpeak-to-peak
sinusoid at a frequency of 9.729514 GHz. As in the case
when using the EAM the optical spectrum is optimized
for a maximum number of lasing channels. The SOA bias
remains unchanged. Fig. 5 shows that three wavelength
channels are simultaneously mode-locked. The wavelength
channel spacing and bandwidth of each individual channel
differ slightly from the EAM based MWFRL as a different
length of PMF is used in the Lyot filter. The composite
pulse train and the pulse trains at each mode-locked wave-
length are shown in Fig. 6.
However the key result is that the spectral stability of
the MWFRL significantly improves when an EAM is used.
A PC is typically used before the MZM to compensate for
the birefringence of the LiNbO3 substrate and confine the
laser light to one of the MZM’s birefringent axes. However
due to the susceptibility of the MWFRL cavity to SOP
changes, caused by temperature changes and other envi-
ronmental perturbations, the MZM can produce a para-
sitic Lyot filter response as the laser light SOP drifts from
its optimum state before the MZM [15]. Fig. 7 shows the
worst case result of laser light SOP drift on the MWFRL
spectrum. Note that a larger laser passband exists in
Fig. 7 compared to previous figures due to a broader filter
being used in the laser cavity. The inset of Fig. 7 shows the
CW laser spectrum of the MZM based MWFRL with the
Lyot filter removed. A Lyot filter response can be seen to
be imparted onto the laser gain medium. This parasitic fil-
ter impinges on the Lyot filter destabilizing the mode-
locked laser spectrum. Therefore the PC before the MZM
requires intermittent adjustment to maintain stable opera-
tion. This is a cumbersome and inefficient solution given
the sensitive nature of the system to SOP changes. No such
issues are encountered when using an EAM thus allowing
greater scope for optimization of the MWFRL spectrum
while ensuring the long term stability of the spectrum itself.ts neighboring wavelength channel from the EAM based MWFRL. Time
n. (2008), doi:10.1016/j.optcom.2008.03.014
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Fig. 5. Optical spectrum of the MZM based MWFRL.
Fig. 6. Composite and filtered pulse trains of the MZM based MWFRL.
P1: composite pulse train; P2; P2; P4: pulse trains of the filtered
wavelengths. Time base is 20 ps/div.
Fig. 7. Optical spectrum of the MZM based MWFRL showing spectral
instability due to the presence of the parasitic Lyot filter (inset).
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A MWFRL consisting of a Lyot filter and hybrid gain
medium has been successfully demonstrated. Four wave-
length channels were simultaneously mode-locked at257
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10 GHz using an EAM. The wavelength channel spacing
was 100 GHz. We believe this is the first time an EAM
has been used in such a configuration. The results of the
EAM based MWFRL compare favorably with the MZM
based MWFRL in terms of the number of wavelength
channels produced. However, due to its significantly
reduced polarization sensitivity in comparison with a
MZM, an EAM provides a more robust defense against
laser light SOP drift thereby increasing considerably the
stability of the MWFRL spectrum. This allows for greater
scope in the optimization of the MWFRL spectrum. The
laser has the potential to be mode-locked at 40 GHz if a
higher speed synthesizer is used to drive the EAM.
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